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AdaptationActivity of tonoplast slow vacuolar (SV, or TPC1) channels has to be under a tight control, to avoid
undesirable leak of cations stored in the vacuole. This is particularly important for salt-grown
plants, to ensure efﬁcient vacuolar Na+ sequestration. In this study we show that choline, a cationic
precursor of glycine betaine, efﬁciently blocks SV channels in leaf and root vacuoles of the two
chenopods, Chenopodium quinoa (halophyte) and Beta vulgaris (glycophyte). At the same time, beta-
ine and proline, two major cytosolic organic osmolytes, have no signiﬁcant effect on SV channel
activity. Physiological implications of these ﬁndings are discussed.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Most of halophytes and of salt-resistant glycophytes are ‘‘salt-
includers’’ and, when exposed to salinity, accumulate Na+ in their
shoots. However, to abolish cytotoxic effects of Na+ and, at the
same time, to maintain tissue turgor and balance the decreased
water potential in salinized exterior, most of this Na+ should be
securely sequestered in vacuoles [31]. This vacuolar sequestration
is especially important for those plants which leaves are lacking
specialized salt bladders and glands and, thus, cannot damp exces-
sive salt into external structures [11,32] However, even halophytes
possessing these specialized organs also rely on the vacuolar Na+
sequestration [4,5]. The classical mechanism of Na+ uptake into
the vacuole includes generation of H+ gradient across tonoplast
by the electrogenic H+ pumps, which fuels Na+/H+ exchange across
this membrane [3]. On the other hand, bearing in mind large (at
least ten-fold) vacuole-to cytosol Na+ gradient [11,32], passive
Na+ leak from vacuole via tonoplast non-selective channels need
to be minimized, to avoid the costs of its futile and energy-
consuming cycling between the vacuole and the cytosol. In
particular, SV channels do not differentiate between K+ and Na+[2,6,4,23]. Consequently, salt-stress induced strong suppression
of the activity of slow-activated vacuolar (SV) channels in Plantago
roots [19]. Similarly, SV channel activity in quinoa mesophyll was
suppressed by salt stress; this effect was mostly pronounced in old
leaves that lack salt bladders, in contrast to young leaves in which
salt bladders are abundant [4]. The blockage of SV channels by nat-
ural polyamines may be another factor, controlling the Na+ leak
from vacuoles [10,24].
It is generally assumed that cytosolic Na+ level there rarely
exceeds 30 mM, even under salt stress conditions [21]. Therefore,
de novo synthesis of organic compounds that are non-toxic for cel-
lular metabolism (so called ‘‘compatible solutes’’) is thought to be
the principle mechanism for the osmotic adjustment in cytosol
under salt and water stress [16,30]. Halophytes can synthesize
and accumulate large concentrations of organic osmolytes, primar-
ily proline and glycine betaine (Bet), in a response to the salt stress
[34,13,35,29]. Given the high carbon cost of organic osmolyte pro-
duction [27], most of these ‘‘compatible solutes’’ are believed to be
located in the cytosol or chloroplasts, but not vacuoles [18,28]. An
extensive bulk of evidence was accumulated over the last two
decades suggesting that, in addition to their roles in osmotic
adjustment under salt stress conditions, these organic osmolytes
may also play a signiﬁcant role as ROS scavengers, molecular
chaperons, and, non the least, ion transport regulators [12,33].
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dences were obtained at the tissue levels (e.g. [7,8]. Thus, it
remains to be answered of whether the compatible solutes may
directly block some speciﬁc ion channels and or modify activity
of ion transporters, or the reported changes in ion ﬂuxes and cell
electrophysiological characteristics result from indirect effects.
Betaine (Bet) and its metabolic precursor choline can be found
in all plant tissues, but they are especially abundant in leaves,
where their total concentration may reach tens of mM [38,20,40].
Onset of salt-stress rapidly (in minutes) induces several-fold
increase in the levels of choline (Cho+) and its immediate precursor
phosphocholine, in leaf tissues [36] followed by Bet accumulation.
Betaine concentration found in plant tissues normally exceeds
those for Cho+ several-fold [28]. However, stress induction of beta-
ine biosynthesis often results in a transient increase in Cho+ levels
above that for Bet at early times; in salinized sugar beet or spinach
leaves after 2 h of treatment, due to Cho+ conversion to Bet, Bet/
Cho+ ratio of 5 to more than 10-fold can be observed [14,36].
Chenopods are both Na+ includers and Bet accumulators [37];
most of them also accumulate high quantities of proline [29]. In
this work, we used two chenopod species, Chenopodium quinoa
(halophyte) and Beta vulgaris (glycophyte) as convenient models
to study of whether cation transport across the tonoplast may be
regulated by common osmolytes, betaine and proline, or by beta-
ine precursor choline. We report that Cho+, but not Bet or proline,
effectively blocks single SV channels currents in quinoa mesophyll
vacuoles. It is argued that this blockage is essential to rapidly
sequester Na+ in leaf vacuoles to achieve rapid osmotic adjustment
and maintain shoot turgor (and, hence, growth) at initial stages of
salt stress.2. Materials and methods
2.1. Plant material and growth conditions
Quinoa (C. quinoa; variety Q5206) seeds were obtained from
Prof Sven-Eric Jacobsen (Univ. Copenhagen) and multiplied at the
University of Tasmania. Plants were grown in 1-L plastic pots using
a standard potting mix under glasshouse conditions essentially as
described by [15]. Plants were irrigated with 50 mM NaCl (consid-
ered to be optimal to quinoa growth). Third or fourth fully
unfolded youngest leaves were collected from 3-weeks-old-plants
and used in experiments.
Mesophyll protoplasts were isolated as described previously
[4].Vacuoles were isolated from single protoplasts by breaking
the plasma membrane with a used patch-pipette. Bath and pipette
solutions contained (in mM): Bath – 100 KCl, 0.1 CaCl2, 10 HEPES-
KOH (pH 7.4); pipette – 100 KCl, 5 K2EGTA and 10 MES-KOH (pH
6); osmolality was adjusted to 450 mOsM with sorbitol. Pipette
resistance was 5–7 MOhm. Fresh B. vulgaris plants were obtained
from the local market and vacuoles were isolated mechanically
from taproot slices as described previously [26].
Patch-clamp measurements and data analysis were as
described previously [10]. Macroscopic SV currents were measured
on small (few pF) tonoplast vesicles, isolated from large central
vacuole by applying a series of depolarizing pulses from
100 mV to +160 mV. Unitary SV currents in the outside-out
patches were evoked by series of 10 identical voltage ramps
(+150/100 mV; 60 ms, sampling rate 5 kHz) with a variable hold-
ing potential between pulses, to ensure that only few (1–3) or none
SV channels are open during a single ramp. Mean unitary SV cur-
rent–voltage relations were obtained as described before [10].
Chemical agents were added by bath perfusion. Voltage-dependent
block of the unitary SV current was described as:IþB=Icontrol ¼ f1þ k1½B=ðk2 þ kÞg1 ð1Þ
where I+B/Icontrol is a fraction of unblocked current, k1 = k1(0)
exp(zdxFV/2RT) and k2 = k1(0) exp(zdxFV/2RT) are rate constants
for onset and offset of the block (KD = k2/k1), k = k(0) exp(z(1  d)x
FV/2RT) is the rate constant for a blocker exit to the opposite mem-
brane side, z is a blocking valence, d is an electrical distance,
traversed by a blocker on its way to the binding site within the
SV channel pore, [B] is a blocker’s concentration and V is the trans-
membrane voltage, F, R, and T have their usual meanings (see [[10]]
for details).
3. Results
In a pilot set of experiments, we have used beet taproot
vacuoles as an easy model system to study the effect of cytosolic
choline on the SV current. Application of 50 mM choline-Cl into
the bath provoked a strong suppression of the macroscopic SV cur-
rent (Fig. 1A). The effect was reversible, as evidenced by almost
complete restoration of the SV current upon choline washout.
One may see also that choline did not affect the tail currents, mea-
sured after return to 100 mV from more depolarized potentials.
The magnitude of the tail current as a function of preceding test
voltage is proportional to the number of SV channels, open at the
end of depolarizing test pulse. In such a way, the voltage depen-
dence on the SV channel open probability can be evaluated
(Fig. 1A, inset). It can be seen that the voltage-dependent gating
was not signiﬁcantly affected by choline. Instead, choline provoked
a voltage-dependent block of unitary current through an open SV
channel as it is evidenced the data in Fig. 1B.
Once establishing the principle mechanism of cytosolic choline
effects on the SV channel from Beta vacuoles, we have switched to
a more detailed characterization of the effects of choline, related
quaternary ammonium compound tetramethyl ammonium
(TMA+), glycine betaine, and proline on single SV channels from
mesophyll vacuoles of another Chenopodiaceae species, C. quinoa.
To obtain the unitary SV channel current–voltage relationships,
small (C < 1 pF) outside-out (cytosolic side-out) tonoplast patches
were subjected to the ramp-wave voltage protocols. In Fig. 2, typ-
ical current responses to the ramp-wave protocol are presented,
both under control conditions (upper traces) and in the presence
of 50 mM choline chloride at the cytosolic side (same patch, lower
traces). In the latter case, the record with 0, 1, 2 or 3 open SV chan-
nels was selected to illustrate the fact, that not a closure of SV
channels but a dramatic reduction of the SV channels´-mediated
outward current is observed, due to their voltage-dependent block-
age by choline (Cho+). The summary of the voltage-dependent
reduction of current through a single open SV current by 10 and
50 mM Cho+ is presented in Fig. 3A, where several unitary I/V rela-
tions either in control conditions or in the presence of choline were
averaged (Fig. 3A). Relative currents (obtained by dividing the
mean unitary current in the presence of Cho+ through the control
current value at the same potential) as a function of clamped volt-
age are shown in Fig. 3B. Curves for 10 mM and 50 mM Cho+ were
simultaneously ﬁtted by Eq. (1), yielding the following parameter
values: z = 1.9 ± 0.15, d = 0.53 ± 0.06 (zd = 1.02) and dissociation
constant (KD) for choline at zero voltage k2(0)/k1(0) = 22 mM. Very
similar values z = 1.8 ± 0.13, d = 0.48 ± 0.05 (zd = 0.87) and k2(0)/
k1(0) = 44 mM were obtained for TMA+ (Fig. 3C and D). Blocking
effects by TMA+ and Cho+ were fully reversible (not shown).
When it comes to non-charged amino acids (common ‘‘compat-
ible solutes’’), glycine betaine, a derivative of Cho+, and structurally
non-related proline, these compounds did not signiﬁcantly affect
the SV single channel current at concentrations at the cytosolic
side as large as 100 mM (Fig. 4).
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Fig. 1. Cytosolic choline inhibits outward current by SV channels from sugar beet taproot vacuoles by blocking open channel current, without signiﬁcant effect on the
voltage-dependent gating. (A) Example of a macroscopic SV current record from a small (C = 4 pF) outside-out tonoplast vesicle, isolated from the large central vacuole. SV
currents were activated by steps from 100 mV to more positive potentials; return of voltage to 100 mV caused the total closure of SV channels (tail currents). Solutions
were symmetrical 100 mM KCl (see Section 2 for details), except that cytosolic Ca2+ was increased to 0.25 mM to reduce the contribution of the FV current in this case);
50 mM choline-Cl was applied by bath perfusion. Plotting the amplitude of the tail current at 100 mV as a function of immediately preceding test voltage yields the voltage
dependence of the channel opening (inset, data are Mean ± SE, n is number of individual vacuoles). (B) Choline strongly suppressed outward current through a single open SV
channel. Same experiment as in A, but with 0.1 mM Ca2+ in the bath. Voltage ramps between 150 mV and +150 mV were applied; grey and black traces are examples of
current responses with no or one SV channel open during the whole ramp pulse are given. Choline block of the outward single channel current was reversible, as evidenced by
respective record after choline removal from the bath (washout).
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Quaternary ammonium compounds (QACs) are known to block
SV channels in a voltage-dependent manner; blocking afﬁnity as
zero voltage increases (KD (0) decreases) by an increase of the
hydrophobic moiety from TMA+ to TEA+ [10] and to TBA+ (Pottosin,
unpublished), by a factor of 3 for CH2 added to each of the side
chains. A peculiar property of the block by all QACs is that the
blocking valence is double of the actual valence of the blocker
(e.g. z  +2 instead of +1), pointing out at the multi-ion pore occu-
pancy and contribution of the movement of permeable ions (K+ in
this case) to the voltage-dependence of block. This is true also for
quinoa SV channel. Moreover, parameter values for TMA+ block
(zd = 0.87 and KD (0)  44 mM) come very close to those for SV
channel from the sugar beet taproot (zd = 0.96 and KD  58 mM;
[10]. As a result, the dashed curves generated using Eq. (1) and
parameter values for beet SV channel fairly describe the data-
points for quinoa SV channel (Fig. 3D). These results imply that
QAC’s binding site within SV channel pore, accessible from the
cytosolic side, is conserved among different plant species and tis-
sues. On the other side, neutral amino acid betaine, otherwise very
closely related to Cho+ and being just two metabolic steps apart
from the latter, was completely inefﬁcient even at high (100 mM)
concentration (Fig. 4). This difference may be partly explained bythe presence of a ﬁxed negative charge at cytosolic entrance of
the SV channel pore. It repels anions and attracts cations, concen-
trating monovalent cations at least ten-fold as compared to their
concentration in the bulk solution [25,26]. Therefore, even at zero
transmembrane voltage, cationic QACs will be drugged to the pore
entrance, whereas neutral compounds, like betaine or proline, will
be non-affected. Assuming that QACs are mainly concentrated in
the cytosol [18] and that cytosol to vacuole volume ratio is approx-
imately 1:10, cytosolic Cho+ concentrations of 10–50 mM roughly
correspond to 1–5 mM for total cellular choline. Values about
1 mM of total soluble choline are not uncommon for chenopods
at resting conditions, whereas onset of the salt stress induced a
several-fold increase of choline content (see below). There is only
one available study reporting trans-tonoplast potential difference
in mesophyll of higher plants in vivo [9]. According to this work,
the trans-tonoplast potential was around zero in non-salinized
leaves, but increased to about +10 mV (cytosol positive) under
salinity. Respective data on chenopods are lacking, but it is con-
ceivable that a similar depolarization (e.g. due to a reduced vacuo-
lar H+-ATPase activity under stress-induced ATP shortage) would
further potentiate the blockage of SV channels by Cho+ (Fig. 3B).
Differential effects of betaine and its precursor Cho+ on SV chan-
nels may have important physiological implications. Onset of salt
stress causes an increase in both Cho+ and Bet concentrations in
20 pA
20 ms
-100
+150
0
1
0
1
2
3
+50 mM Cho+
control
Fig. 2. Cytosolic choline blocks unitary SV current in quinoa mesophyll vacuoles.
The original records for the current response to a voltage-ramp in isolated outside
(cytosolic side)-out patch bathed in a symmetric 100 mM KCl solution (control; see
Section 2 for the detailed composition) or in the presence of 50 mM choline chloride
(Cho+) in the bath. The thick grey line represents leak currents (no SV channels
open); numbers from 1 to 3 indicate the number of individual SV channels open
during the ramp.
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Fig. 3. A voltage-dependent block of an open SV channel by the quaternary ammonium
control conditions and in the presence of 10 and 50 mM of either choline chloride (A) or
current–voltage relations). B, D- respective relative (in the presence of drug to control) cu
10 and 50 mM drugs’ concentrations, respectively. Data are ﬁtted by Eq. (1) with param
representing curves calculated using parameter values for the blockage of SV channels f
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Fig. 4. Neutral amino acids betaine and proline have no effect on the current
through an open SV channel. The unitary current–voltage relation under control
conditions (a symmetric 100 mM KCl solution) and in the presence of 100 mM of
glycine betaine or proline at the cytosolic side are shown. Data are mean ± SE (n is a
number of averaged individual current–voltage relations).
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increase in Cho+ should precede Bet accumulation (Fig. 5). This ini-
tial increase in cytosolic Cho+ level may, by blocking cation (Na+
leak) through SV channels, assist initial osmotic adjustment due
to efﬁcient Na+ sequestration in vacuoles. Indeed, it was reported
that halophytes and salt-tolerant glycophytes rapidly up-regulate
xylem Na+ loading, to enable turgor maintenance and shoot expan-
sion growth (reviewed in [31]. While efﬁcient Na+ pumping into
mesophyll vacuole be means of tonoplast Na+/H+ NHX exchanger
is paramount to this process [3], the cell will go into a futile cycle
until Na+ back-leak from the vacuole is prevented [4]. The rapid
stress-induced increase in cytosolic Cho+ content may partly fulﬁll
this role.
To emphasize the importance of the SV channel negative con-
trol under salinity, reported effects of luminal Na+ on the SV gating
need to be considered. Ivashikina and Hedrich [17] found out that
an increase in luminal Na+ content caused a substantial shift of the
SV voltage dependence to more positive potentials in Arabidopsisn=16
n=11
+ n=16
+ n=22
05 001 0510001- 05-
1
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V/ mV
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0
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lortnoc/
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D
compounds choline (Cho+) and tetramethylammonium (TMA+). A, C- currents at
TMA-Cl (B); data are presented as mean ± SE (n is a number of averaged individual
rrents as a function of the trans-tonoplast voltage. Filled and hollow symbols are for
eter values given in the text (solid lines). For a comparison, dashed lines are drawn
rom sugar beet taproot by TMA+ [10].
Fig. 5. A suggested model for choline involvement in osmotic adjustment in leaf mesophyll. Onset of salinity requires rapid osmotic adjustment in the shoot tissues, to
maintain cell turgor and enable continuous expansion growth. In halophytes, this is achieved by the rapid transport of Na+ to the shoot followed by its pumping into
mesophyll vacuoles resulting from activation of NHX tonoplast Na+/H+ exchanger. Concurrently with this activation and Na+ deposition in the vacuole, Cho+ levels in the
cytosol increases, to block Na+-permeable SV channels and prevent Na+ from leaking back from the vacuole. Increasing vacuolar Na+ concentrations have to be accompanied
by an increased osmolality of the cytosol. Due to Na+ toxicity in the cytosol, only a small part of this increase is attributed to the accumulated Na+, while the major bulk of
osmotic adjustment in this compartment is achieved by de novo synthesis of organic osmolytes and, speciﬁcally, betaine. This is achieved by using choline as a metabolic
precursor. By the time Cho+ is converted to betaine, stress-induced accumulation of polyamines (PA) occurs, providing the alternative means of controlling activities of SV
channels [10].
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threshold. Consequently, these authors proposed that such a prop-
erty would allow a more efﬁcient storage of Na+ in the vacuole. If
Na+ indeed ‘‘locked the exit door’’ behind itself after entering the
vacuole, such a property might be a very intelligent solution for
salt tolerance. However, the aforementioned effect of Na+ was
assayed on the background of virtually zero (non-physiological)
luminal Ca2+. Interference with luminal Ca2+ can be very essential,
because Ca2+ causes the most dramatic shifts of the voltage depen-
dence as compared to other cations [23]. Thus, Pérez and co-work-
ers (2008) reported that luminal Na+ shifts the voltage dependence
of the SV channel in sugar beet vacuoles to more positive or nega-
tive potentials on the background of zero or 0.5 mM (close to its
physiological value) vacuolar Ca2+, respectively. It followed from
this study that monovalent cations, Na+ > K+, desensitized the SV
channel to the vacuolar Ca2+ effects. In other words, instead of a
negative regulation of the SV current as reported for zero luminal
Ca2+ [17,22], Na+ accumulation in the vacuole in the presence of
physiological luminal Ca2+ provokes the stimulation of SV channels
activity, due to a relief of their negative control by vacuolar Ca2+.
Therefore, Na+ accumulation in the vacuole may not be secured
by Na+ itself, but requires the implementation of additional nega-
tive controllers of the SV channel like choline or polyamines
(Fig. 5).Importantly, Cho+ conversion to betaine in chloroplasts is a
light-dependent process, requiring reduced products of PS1
(NADPH) and molecular oxygen [39]. Thus, for any given stress
conditions Cho+ levels would be higher in shaded leaves, implying
that the SV block will last longer. This may be physiologically
important, as shaded leaves with lower photosynthetic rates will
be short of ATP, thus, more vulnerable to ATP losses caused by a
need to recycle Na+, leaked from vacuoles via SV channels. On
the other hand, lower ATP level implies a lower vacuolar H+-pump
activity, hence more positive (cytosol minus vacuole) trans-tono-
plast potential difference. Due to the voltage dependence of block
by Cho+ (Fig. 3B), this implies even stronger suppression of the SV-
mediated current. At longer exposures, Cho+ conversion to Bet
would relieve the SV channels block. At this time, salinity stress
may result in a noticeable increase of other potent SV channels
blockers such as polyamines [1]. Thus, the negative control of SV
channels at that moment may be exerted by those compounds
[10].
In conclusion, our data reported here suggest that Cho+ play a
dual role in cell osmotic adjustment to salinity stress, by being
(1) a metabolic precursor for glycine betaine (hence, contributing
to osmotic adjustment in cytosol), and (2) by exerting a potent
SV channel block, thus enabling efﬁcient Na+ sequestration and
osmotic adjustment in vacuole.
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